P
ercutaneous coronary intervention (PCI) for chronic total occlusion (CTO) can be performed with high success and acceptable complication rates at experienced centers.
1-3 CTO-PCI is often performed in patients with prior coronary artery bypass graft (CABG) surgery, especially in North American registries (28%-37% 1, [4] [5] [6] ) and less commonly in European (15%-22% 2, 3, 7 ) and Japanese (8%-12% 8, 9 ) registries. In previous studies, CTO-PCI in prior CABG patients had lower procedural and technical success, but similar rate of in-hospital major complications. 5, 6, 9 However, CTO-PCI outcomes and techniques have been improving over time. 1, 5 We sought to examine the contemporary techniques and outcomes of CTO-PCI performed in prior CABG patients.
METHODS
We analyzed the clinical, angiographic, and procedural characteristics of 3486 CTO PCIs performed in 3418 patients enrolled in the PROGRESS CTO (Prospective Global Registry for the Study of CTO Intervention) registry between May 2012 and May 2018 at 19 United States, 1 European, and 1 Russian centers. Some centers only enrolled patients during part of the study period because of participation in other studies. The study was approved by the institutional review board at each participating center. Data, analytic methods, and study materials will not be made available to other researchers.
Definitions
Coronary CTOs were defined as coronary lesions with Thrombolysis in Myocardial Infarction grade 0 flow of at least 3 months duration. Estimation of the duration of occlusion was clinical, based on the first onset of angina, prior history of myocardial infarction in the target vessel territory, or comparison with a prior angiogram. Calcification was assessed by angiography as mild (spots), moderate (involving ≤50% of the reference lesion diameter), and severe (involving >50% of the reference lesion diameter). Moderate proximal vessel tortuosity was defined as the presence of at least 2 bends >70° or 1 bend >90° and severe tortuosity as 2 bends >90° or 1 bend >120° in the CTO vessel. Blunt or no stump was defined as lack of tapering or lack of a funnel shape at the proximal cap. Interventional collaterals were defined as collaterals considered amenable to crossing by a guidewire and a microcatheter by the operator. Adequate distal landing zone was defined as a distal vessel segment with a diameter larger than 2.0 mm, and without diffuse disease. A procedure was defined as retrograde if an attempt was made to cross the lesion through a collateral vessel or bypass graft supplying the target vessel distal to the lesion; if not, the procedure was classified as antegrade-only. Antegrade dissection/reentry was defined as antegrade PCI during which a guidewire was intentionally introduced into the subintimal space proximal to the lesion, or reentry into the distal true lumen was attempted after intentional or inadvertent subintimal guidewire crossing.
Technical success was defined as successful CTO revascularization with achievement of <30% residual diameter stenosis within the treated segment and restoration of Thrombolysis in Myocardial Infarction grade 3 antegrade flow. Procedural success was defined as the achievement of technical success without any in-hospital complications. In-hospital major adverse cardiac events (MACE) included any of the following adverse events before hospital discharge: death, myocardial infarction, recurrent symptoms requiring urgent repeat target vessel revascularization with PCI or CABG, tamponade requiring either pericardiocentesis or surgery, and stroke. Myocardial infarction (MI) was defined using the third universal definition of myocardial infarction (type 4a MI). 10 Major bleeding was defined as bleeding causing reduction in hemoglobin >3 g/ dL or bleeding requiring transfusion or surgical intervention. The coronary artery disease-specific index (CAD-specific index or Charlson comorbidity index) 11 comorbidity score was calculated based on the presence of hypertension, cerebrovascular disease, diabetes mellitus, chronic pulmonary disease, peripheral vascular disease, and moderate to severe renal disease (≥3 mg/dL baseline creatinine, or patients on dialysis). 12 The J-CTO score was calculated as described by Morino et al 13 the PROGRESS CTO score as described by Christopoulos et al 14 and the PROGRESS CTO Complications score as described by Danek et al. 15 
Statistical Analysis
Categorical variables were summarized by counts and percentages and were compared using Pearson χ 2 tests or Fisher exact tests. Continuous variables were summarized by mean±SD or median (interquartile range, IQR) unless otherwise specified and were compared using the t test for symmetrically-distributed variables; the Wilcoxon rank-sum test, and the KruskalWallis test for skewed continuous variables. Generalized estimating equation approach with Poisson model (log-link), exchangeable correlation structure, and robust sandwich errors were used to estimate relative risks of events of interest with respect to prior CABG although accounting for intracenter dependencies; the events of interest included procedural and technical successes and in-hospital MACE. Similarly, continuous outcomes of interest, procedure time, contrast
WHAT IS KNOWN
• Percutaneous coronary intervention for chronic total occlusions in patients with prior coronary artery bypass graft surgery has lower technical and procedural success due to challenging coronary anatomy and more comorbidities.
WHAT THE STUDY ADDS
• Our study is the largest dataset on procedural outcomes of chronic total occlusions percutaneous coronary intervention in patients with prior coronary artery bypass graft surgery confirming worse procedural outcomes as compared with chronic total occlusions percutaneous coronary intervention in patients without prior bypass surgery. There is need for further developments in equipment and techniques to improve outcomes in this challenging patient group.
volume, fluoroscopy time, and AK radiation dose, were analyzed on log-scale using generalized estimating equation with Gaussian model, identity link, exchangeable correlation structure, and robust standard errors. On multivariable analysis, the risk of MACE relative to prior CABG was estimated using a generalized estimating equation approach with Poisson model as described above; the model was adjusted for, age, sex, baseline creatinine (log scale), prior PCI, CAD-Specific Charlson Index, use of radial access, and J-CTO score.
A similar approach was used to estimate the relative risk of technical success with respect to history of CABG; the multivariable model was adjusted for radial access used, appropriate distal landing zone, CTO occlusion length, proximal cap ambiguity, moderate to severe calcification, moderate to severe proximal tortuosity, interventional collaterals, bypassed vessel, intra stent occlusion, circumflex artery CTO, age, sex, CAD-specific index, and prior failed attempt. Missing data were excluded from the analyses.
The statistical analyses were performed with JMP 13.0 (SAS Institute, Cary, North Carolina) and R (v.3.4.1) in R-studio environment (v1.1.453). A 2-sided P value of 0.05 was considered statistically significant.
RESULTS

Patient Characteristics
During the study period, 3486 CTO PCIs were performed in the study centers in 3418 patients, 1101 of whom (32%) had prior CABG. The baseline clinical characteristics of the study patients are summarized in Table 1 . Prior CABG patients were older and more likely to be men and to have coronary risk factors (diabetes mellitus, hypertension, family history of coronary artery disease, and dyslipidemia), history of congestive heart failure, peripheral arterial disease, prior stroke, MI, valve surgery/ intervention, PCI and lower left ventricular ejection fraction, and estimated preprocedural glomerular filtration rate as compared with patients without prior CABG. Prior CABG patients were also more symptomatic as assessed by the Canadian Cardiovascular Society Angina Score (Canadian Cardiovascular Society ≥2, 93% versus 87%; P<0.001), and more likely to present with an acute coronary syndrome (30% versus 23%; P<0.001). Ad-hoc CTO PCI was less commonly performed in prior CABG patients (11% versus 14%; P=0.014).
Angiographic Characteristics
The baseline angiographic characteristics of the study CTOs are listed in Table 2 . The most common CTO target vessel was the right coronary artery (56%), although, the left anterior descending artery was less frequently the target vessel in the prior CABG group (17% versus 28%), presumably because of high left internal mammary artery patency rates. Lesions in prior CABG patients were longer (41.2±28.4 versus 29.4±19.9; CAD-specific index * † ‡ 2.1±1.9 2.1±1.9 2.0±1.9 0.242 ACS indicates acute coronary syndrome; BMI, body mass index; CAD, coronary artery disease; CCS, Canadian Cardiovascular Society; CTO, chronic total occlusion; EF, ejection fraction; eGFR, estimated glomerular filtration rate; and PCI, percutaneous coronary intervention.
*Mean±SD. †CAD-Specific Index indicates a comorbidity score including factors of hypertension, cerebrovascular disease, diabetes mellitus, chronic pulmonary disease, peripheral vascular disease, and moderate to severe renal disease (≥3 mg/dL baseline creatinine, or patients on dialysis, presence of any tumor, metastatic solid tumor, and diabetes mellitus with end-organ failure. 12 ‡The calculated risk scores do not include the factors from the original score as of any tumor, metastatic solid tumor, and diabetes mellitus with end-organ failure. 
P<0.001),
Technical and Procedural Outcomes
The overall technical (84% versus 89%; P<0.001) and procedural (82% versus 87%; P<0.001) success rates were significantly lower in prior CABG patients (Figure 1 and Table I in the Data Supplement). The CTO PCI techniques and procedural outcomes are summarized in Table 3 Figure 2 ).
The incidence of in-hospital MACE was 2.7% overall (91 patients) and was comparable in patients with and without prior CABG (3.1% versus 2.5%; P=0.287; Figure 3 and Table I in the Data Supplement). Procedural complications are summarized in Figure 4 and Figure 5 .
The incidence of perforation was significantly higher in prior CABG patients (7.1% versus 3.1%; P<0.001) as compared with nonprior CABG patients, and perforations The cumulative enrollment in the registry between 2012 and 2018 is summarized in Table IV in the Data Supplement, and the enrollment per site in Figure I in the Data Supplement. The relative submission volume to the registry was 3.1% (2.5-5.8); the smallest submission volume was 43 cases (1.2%, 2012-2017), the largest was 614 cases (18.0%, 2014-2017) . The median volume of CTO PCI performed per operator was 209 cases (IQR, 79-432; Table V in the Data Supplement). In-hospital procedural outcomes classified according to operator volume are presented in Table 4 .
Retrograde CTO-PCI in Prior CABG Patients
Retrograde techniques were commonly used in prior CABG patients (53% versus 30%). The most commonly used collaterals for the retrograde approach in prior CABG patients were septal collaterals (43%), followed by epicardial collaterals (34%), SVG (30%), and left internal mammary artery grafts (3%). The SVG grafts that were used as retrograde conduits were totally occluded in 44%. In comparison with antegrade-only cases (n=514), PCIs using the retrograde approach (n=587) had significantly lower technical (79% versus 89%; P<0.001) and procedural success (76% versus 85%; P<0.001), and higher in-hospital MACE (5.1% versus 0.8%; P<0.001) because of higher in-hospital mortality (1.7% versus 0.2%; P=0.012), and acute MI (2.4% versus 0.4%; P=0.006). Coronary perforations were also more common in prior CABG patients in whom the retrograde approach was used (Table 5) .
CTO-PCI of Previously Bypass Vessels
In 39% of the prior CABG patients, the native CTO target vessel was previously bypassed. The location of target lesions relative to graft anastomosis was proximal (68%), distal (21%), and at the anastomosis site (11%). The technical and procedural outcomes of CTO PCIs performed in bypassed native coronary arteries are summarized in Table VI 
DISCUSSION
To the best of our knowledge, our study is the largest reported to date on the outcomes of CTO-PCI in patients with prior CABG. Our major findings are as follows 1 : CTO-PCI in prior CABG patients has lower technical and procedural success rates as compared with CTO-PCI in patients without prior CABG 2 ; requires more frequently use of antegrade dissection/reentry and the retrograde approach; and 3 has similar overall incidence of in-hospital major adverse events, although in-hospital mortality and perforation were more common whereas pericardial tamponade or clinically indicated pericardiocentesis were less common.
Prior CABG patients can be challenging to treat because of multiple comorbidities and bypass graft failure, often requiring multiple re-interventions either in the grafts or in the native coronary arteries. 16, 17 In our cohort, prior CABG patients had more severe symptoms, more often presented with an ACS, and were less likely to undergo ad-hoc CTO-PCI. Ad hoc CTO-PCI should be avoided, especially in prior CABG patients given the longer time and larger volume of contrast and radiation dose required for diagnostic angiography and also the need for procedural planning in these patients who often have complex lesion anatomy.
The retrograde approach has an important role in CTO-PCI performed in prior CABG patients: it was used in half of the patients and was the final successful strategy in 32% (versus 19% of patients without prior CABG). Bypass grafts (both SVG [18] [19] [20] and left internal mammary artery grafts 21 ) can serve as conduits for the retrograde Figure 5 . In-hospital complications (composite of in-hospital MACE, perforation, pericardial tamponade, vascular access complications, bleeding, contrast nephropathy, donor vessel dissection/thrombosis, aortocoronary dissection, and equipment loss) in patients with prior CABG surgery. ADR indicates antegrade dissection re-entry; AWE, antegrade wire escalation; CABG, coronary artery bypass graft; MACE, major adverse cardiac event; MI, myocardial infarction; and PCI, percutaneous coronary intervention. 20 also reported high retrograde success rates through SVGs among prior CABG patients from the Japanese Retrograde Summit Registry. The left internal mammary artery was used infrequently in CTO-PCI practice (2%), and should in general only be used as the last resort option because of the large myocardial territory at risk, frequently requiring use of hemodynamic support. 21 Similar to prior studies we found lower success rates for CTO-PCI in prior CABG patients (5% absolute lower technical success rate), suggesting that progress in equipment and techniques can only partially overcome the challenges associated with prior CABG. Teramoto et al 9 analyzed 1637 CTO interventions performed in patients with (n=153) and without prior CABG (n=1139). Success rate (71% versus 83%; P<0.0001) was lower in the prior group, that also required longer procedural time and higher radiation dose. The incidence of in-hospital major procedural complications was similar in both groups. In a larger patient cohort (n=2058), from various sites in Europe, United States, and Canada, procedural success rates were lower and major in-hospital complications were higher in patients with prior CABG, also showing higher target vessel failure during a median follow-up of 1 year. 22 Michael et al 6 reported similar outcomes in an early US experience of the prehybrid era in 1363 patients, 508 of whom had prior CABG (37.0%). In a prior publication from our cohort, Christopoulos The CTO target vessels in our study had been bypassed in only 39% of prior CABG patients, suggesting that CABG does not always achieve complete revascularization, 23 possibly because of poor quality distal target vessels. Given high SVG failure rates, performing CTO-PCI of the corresponding native coronary arteries could result in improved target vessel revascularization or acute myocardial infarction free long-term survival than treating the diseased SVG itself, which is less likely to remain open long-term. 24 However, further optimization of CTO-PCI techniques in postbypass patients should be major focus of upcoming research, as procedural success remains lower in postbypass patients compared with patients without prior CABG.
Our study demonstrates that CTO PCI in prior CABG patients is associated with a relatively high rate of perforation (6.9%), but not pericardial tamponade (0.1% overall, and 1.6% of all perforations) with low pericardiocentesis rate (0.0%). This could be interpreted as supportive of the commonly held belief that perforation in prior CABG patients is unlikely to lead to pericardial effusions because of pericardial adhesions. However, pericardial effusions and tamponade can occur in prior CABG patients. 25 In the British cardiovascular intervention society database, prior CABG patients undergoing PCI had higher risk for coronary perforations (OR, 3.48; 2.30-5.27; P<0.001), resulting in pericardial tamponade in 10%. 26 Moreover, prior CABG patients can develop loculated hematomas that can compress the atria or the ventricles, potentially progressing to cardiogenic shock that may require immediate drainage or surgery. [27] [28] [29] [30] Given the potentially catastrophic complications of coronary perforations in prior CABG patients, we recommend immediate treatment. 25 Thirty of the 34 patients who had in-hospital major adverse cardiac event had undergone retrograde crossing attempts, highlighting the potentially increased risk, even in the hands of experienced CTO operators.
Our study has limitations. First, we did not have long-term follow-up of the study patients. Second, our study has a retrospective, observational design without core laboratory assessment of the study angiograms, or independent clinical event adjudication. Third, some sites enrolled patients during part of the study period that may lead to selection bias. Fourth, study procedures were performed in dedicated, high volume CTO centers by experienced operators, limiting the extrapolation to less experienced operators, and lower volume centers. Fifth, some centers only enrolled patients during part of the study period, because of participation in other studies. Sixth, we did not collect data on the incidence of radiation-induced skin injury.
In conclusion, CTO-PCI in CABG patients is associated with lower procedural success rates and higher perforation rates, likely because of challenging lesion anatomy. There is a need for improved equipment and techniques to optimize outcomes in this challenging patient subgroup.
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